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EXECUTIVE SUMMARY 
 
 Project IHR-R39, titled “Validation of Design Concepts for Extended Life Hot Mix Asphalt 
Pavements (ELHMAP),” was funded by the Illinois Department of Transportation (IDOT) to 
develop data in support of the philosophy of design and performance of the newly proposed 
concept of Perpetual Pavements (PP). The concept of a PP includes a rut-resistant surface, a 
fatigue-resistant asphalt rich lower layer, and sufficient total thickness to eliminate the 
development of fatigue cracking.  The total thickness would produce a tensile strain at the 
bottom of the asphalt layers that would be below 70 micro strain during the hottest period of the 
year.    
 A major part of the testing was directed toward developing updated laboratory fatigue 
algorithms for current IDOT mixtures.  The full scale test sections included a 6-inch thick section 
constructed for testing to fatigue failure.  The section was instrumented with strain gauges to 
record the response to the wheel load and thermocouples to record the temperature variations 
throughout the depth of the HMA layer. 
 The test section was trafficked over a two-year period, and cracking and rutting were 
recorded throughout the testing along with the strains and temperatures.  Laboratory fatigue test 
data was used to prepare the laboratory fatigue curve, traditionally used for structural thickness 
design.  Additional healing fatigue testing that applies a rest period between the load pulse was 
conducted to develop a relation between the rest period and the fatigue life extension provided 
by the rest period.  This healing effect is often considered as the main factor contributing to the 
longer life recorded in the field compared to the laboratory life predictions. 
 The laboratory fatigue life was calculated and compared to the field loads that produce 
cracking, and a relationship between calculated damage from the lab and observed cracking 
from the field was developed that showed the typical pattern of cracking development.  This 
correlation indicated a 4 to 10 time life extension in the field test section compared to the 
laboratory predictions.  This number is similar to the life extension recorded in the laboratory for 
this HMA when rest periods were used in the healing test, which produced a life extension of 6.5 
times with a 9 second rest period. 
 This testing establishes that IDOT may expect a level of conservatism in HMA 
pavements in the field that are designed using laboratory fatigue tests due to the healing effects 
provided by the rest periods between heavy loads.  This factor of safety may involve a factor 
between 4 to 10 times the number of loads to produce cracking failure, compared to the design. 
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CHAPTER 1  PROJECT BACKGROUND 
 
 Project IHR-R39-1, titled “Validation of Extended Life HMA Pavement (ELHMAP) 
Design Concepts,” was funded by the Illinois Department of Transportation (IDOT) to 
develop data in support of the philosophy of design and performance of the newly 
proposed concept of extended life pavements. The concept of an extended life 
pavement consisted of a rut-resistant surface, a fatigue-resistant asphalt rich lower layer, 
and sufficient total thickness to eliminate the development of fatigue cracking.  The IDOT 
vision of an extended life pavement included a rut-resistant surface layer, an 
intermediate layer of a typical IDOT mix, and a lower layer that may or may not need to 
be asphalt rich.  The total thickness would produce a tensile strain at the bottom of the 
asphalt layers that would be below 70 micro strain during the hottest period of the year. 
 
1.1  PROJECT OVERVIEW 
  
The following description was developed for this research project: 
 
This research will provide test data for dynamic modulus and fatigue for current 
IDOT mixes in accordance with the Mechanistic Pavement Design Guide 
(MEPDG) from the American Association of State Highway and Transportation 
Officials (AASHTO) data requirements for pavement design.  The fatigue testing 
will validate fatigue algorithms and illustrate the existence and magnitude of a 
fatigue endurance limit (FEL).  Pavement sections will be selected by IDOT and 
constructed to demonstrate ELHMAP concepts as worked out by IDOT.  
Pavement sections for full-scale testing will be scheduled for construction in 
spring 2003. 
 
To support the accomplishment of these general goals, the following research 
activities were undertaken and communicated either through project briefings, informal 
written communications, or formal project reports: 
 
• Establish equipment and conduct testing on typical IDOT mixes 
o Dynamic Modulus, E* 
o Flexural fatigue 
• Examine temperature and structural characteristics for ELHMAP 
• Establish thickness limitations 
• Prepare Accelerated Transportation Loading ASsembly (ATLAS) work plan for 
construction and response testing 
• Construct and conduct response testing of ATLAS sections 
• Conduct testing of the ELHMAP thin fatigue section 
• Establish mechanistic procedure for ELHMAP design 
 
This report details the testing of the ELHMAP thin fatigue section.  The results 
illustrate differences between the fatigue performance predicted from laboratory fatigue 
testing and the fatigue performance actually observed in the field.  The results indicate 
whether the field behavior is conservative relative to laboratory predictions, and what 
differences might be expected. The laboratory testing helps explain these differences. 
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1.2  TEST SECTIONS 
Two hot-mix asphalt (HMA) test strips, comprised of a total of six different 
pavement sections, were built at the Advanced Transportation Research and 
Engineering Laboratory (ATREL) in Rantoul, Illinois, in 2003.  These pavement sections 
comprised two separate lanes designated as Lane 1 and Lane 2.  Geographically, Lane 
1 is the northern lane, and Lane 2 is the southern lane.   
Each test strip lane was constructed with different sections that included different 
pavement designs with different mixtures, thicknesses, and layering.  Lane 1 and Lane 2 
both have an A and B section that are the same design (16.5 inches (42 cm) total 
thickness), but with different support structures.  Lane 1 has a granular subgrade, and 
Lane 2 has a lime-modified subgrade that utilized the existing soil.  Lane 2 has a D and 
F section that are 10 inches (25 cm) and 6.5 inches (16.5 cm) thick, respectively.  Figure 
1 shows the layout of the test strips.  Figure 2 shows the layer and material configuration 
of each section.   
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Figure 1. Lane layout of the test sections. 
 
 
The construction depicted in Figure 2 is the proposed thickness and material 
configuration of the pavement sections.  During construction, measures were taken to 
adhere to the design values for layer thickness; however, differences exist due to the 
construction process necessary to construct these short sections.  The construction data 
is presented in a separate report (Carpenter, 2008).  In general, the quality of 
construction was satisfactory, and the thickness variability was minimal and satisfactory 
for Section F.  Core data will be discussed later in this report. 
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Figure 2.  Pavement design cross sections. 
 
Following construction, these pavements sections were tested using the 
Accelerated Transportation Loading ASsembly (ATLAS) over the course of 3 years.  All 
pavement sections were tested for responses to different wheel loads, wheel offsets, 
wheel speeds, and all possible combinations of those arrangements in a testing matrix.  
To date, only one section, Section F of Lane 2, was tested for fatigue failure over a 2-
year period.  This report details the failure testing of Section F. 
The purpose of testing Section F for fatigue failure was to better understand what 
actually occurs in a pavement during fatigue as compared to the laboratory test 
predictions.  To analyze the pavement behavior during fatigue, data on the strain and 
progression of cracking visible on the surface was collected during the full-scale testing 
and compared against laboratory fatigue test predictions of cracking on the same 
material.   
The main difference between laboratory results and the field results is the 
extended life typically observed in the field as compared to laboratory testing predictions.  
This difference can be anywhere from a factor of 4 to 60 depending on conditions as 
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discussed by Little (2001).  The reasons for the great difference include many of the 
following, which may vary from one location to another: 
 
• The testing in the laboratory is conducted at 68 oF (20 oC), while the 
temperature in the field is variable. 
• The test frequency in the laboratory is 10 Hz, while vehicle speed in the 
field is variable. 
• Loading in the laboratory is continuous, while loading in the field has rest 
periods of varying lengths between loads. 
• The support of granular layers to the HMA produces different responses 
as the wheel load passes, relative to what occurs in the laboratory that 
may build up residual stresses, and this alters the stress/strain when a 
load is applied. 
• Wheel wander in the field produces different (lower) tensile strains at the 
centerline of the wheel path at the bottom of the HMA layers, which 
significantly slows the development of fatigue cracking and spreads the 
cracking over a wider area. 
 
There is growing sentiment that the healing characteristics of HMA are a major 
factor in producing the differences noted above.  Laboratory testing can be conducted 
with a rest period between loads to measure the effects of healing.  An analysis of 
different rest periods, healing rates, and the effects on the overall number of loads to 
failure (Nf) will be presented later in this report to help illustrate any differences seen 
between laboratory and field behavior. 
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CHAPTER 2  SECTION F PAVEMENT PROPERTIES 
 
Section F is the 6-inch (15 cm) thick section that was loaded to failure.  This 
section of the report discusses the pavement properties of Section F.  These properties 
include section layout, pavement design, construction testing, and material properties. 
 
2.1  PAVEMENT DESIGN 
Section F is a 65-foot (20 m) long pavement section that has a machine support 
pad (MSP) on each end.  The MSPs are used to support the ATLAS during testing so 
the machine does not damage the pavement section being tested or the instrumentation 
included within the section.  The longitudinal layout of Section F is shown in Figure 3.  
 
 
 
 
Figure 3.  Plan view of Section F and surrounding machine support pads (not to scale). 
 
The thickness design configuration of Section F is a 6-inch (15 cm) asphalt 
pavement comprised of two different asphalt mixes of different thicknesses as shown in 
Figure 4.   
Because thickness variations affect the strain in the asphalt, thickness validation 
was considered critical to understanding performance differences.  Cores of each lift 
were taken during construction.  These cores indicated that the standard binder was 
approximately 2.8 inches (7 cm) thick, and the dense-graded surface was approximately 
2.8 inches thick for a thickness of approximately 5.6 inches (14 cm).  These cores were 
taken away from the strain gauge locations.  A 2-inch (5 cm) thermocouple core taken 
directly at the gauge location indicated a thickness of 6 inches (15 cm) was obtained 
over the strain gauges, where measurements were recorded. 
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Figure 4.  Cross-section of pavement Section F. 
 
The asphalt layers of Section F are on top of a lime-modified subgrade 
constructed using the existing soil and lime.  Figure 5 shows the lime-modified subgrade 
used as a subgrade for all of Lane 2.   
 
 
 
Figure 5.  Lime-modified subgrade used in Lane 2. 
 
Before testing began, Section F was marked with longitudinal locators that were 
used to maintain consistent data collection for pavement measurement and evaluation 
purposes.  The station locations are labeled 0 to 22, and all station locations are 3 feet 
(9m) apart except for 21 and 22, which are only 2 feet (6 m) apart.  Figure 6 shows an 
example of the station markings. 
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Figure 6.  Station markings for data recording. 
 
2.2  POST-TESTING CORE ANALYSIS 
After fatigue failure testing was completed, cores were taken from 21 locations 
throughout Section F.  Table 1 shows the longitudinal station location and distance from 
the centerline of each core.  In the table, cores taken north of the centerline have a 
positive distance value, and cores taken south of the centerline have a negative distance 
value. 
As seen in Table 1, the cores obtained from the ending stations (Stations 16-21) 
are significantly thicker than those taken throughout the rest of Section F.  Additionally, 
the thickness of cores from the beginning stations are consistently below the 6-inch (16 
cm) value.  As discussed later, this height discrepancy may be the source of some of the 
rutting and cracking differences noted among the beginning, middle, and ending 
sections.  
Table 2 shows the average pavement thickness, based on the cores taken after 
testing, down the length of Section F.  As seen from this table and the previous one, 
generally, the pavement thickness increases from the beginning of the section to the end 
of the section.   
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Table 1.  Core Sample Locations and Core Heights After Testing 
 
Core Station 
Distance 
from 
Center 
(in.) 
Height 
(mm) 
Height 
(in.) 
1 1 44 147.50 5.81 
2 4 -49.75 149.20 5.87 
3 7 -33.75 143.65 5.66 
4 7 -17 147.00 5.79 
5 7 0 ------* ------* 
6 7 16 142.00 5.59 
7 7 43.75 141.00 5.55 
8 10 -39.5 130.00 5.12 
9 11 -16 149.50 5.89 
10 11 0 148.65 5.85 
11 11 15.25 152.30 6.00 
12 13 -41.5 144.00 5.67 
13 13 -18 144.00 5.67 
14 13 0 144.00 5.67 
15 13 13.75 148.00 5.83 
16 13 42.25 153.00 6.02 
17 16 -45.25 164.00 6.46 
18 19 -35.5 177.50 6.99 
19 19 0 153.00 6.02 
20 19 44.75 182.50 7.19 
21 22 45.25 184.75 7.27 
*this core was broken and not measureable 
 
 
 
 
Table 2.  Average Core Height Along Section F After Testing  
 
Station 
Distance 
Along 
Pavement 
(ft) 
Average 
Height 
(mm) 
Average 
Height 
(in.) 
1 3 147.50 5.81
4 12 149.20 5.87
7 21 143.41 5.65
10 30 130.00 5.12
11 33 150.15 5.91
13 39 146.60 5.77
16 48 164.00 6.46
19 57 171.00 6.73
22 65 184.75 7.27
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Figure 7 graphically represents the pavement thickness, from cores taken after 
testing from outside the wheel path, along the length of Section F.  A discontinuity exists 
at Station 10 (30 feet (9 m)) where the thickness of that area appears to drop 
dramatically as compared to the surrounding stations.  However, Table 2 and Figure 7 
are comprised only of data points, and since cores were not taken at every station it 
cannot be determined exactly how sharply the pavement thickness changes between 
Stations 7 and 11.  Also, because only one core was taken at Station 10, this may not 
accurately reflect the thickness of the pavement across the entire width of the section.  
 
 
 
 
Figure 7.  Graphical representation of pavement thickness based on core height. 
 
Further, this height difference may exist because of how the test section was 
constructed.  The last few stations are near the MSP, which is thicker than Section F 
because it is also a transition to the thicker Section D.  The last few stations may have 
been constructed slightly thicker than the design target of 6 inches (15 cm) as the paver 
ramped up for the next section. 
 
2.3 SECTION MIXTURE PROPERTIES 
The material properties of the mixes in the pavement section affect the stiffness 
modulus which in turn alters the strain response and fatigue resistance of the pavement.  
The following section of this report includes the mix design of the HMA used in Section 
F, construction densities, and dynamic modulus (E*) data.  The full construction report 
can be found in a separate report (Carpenter, 2008). 
 
2.3.1  Mix Design 
Section F is constructed with two different asphalt mix designs.  Mix 1112 is a 
standard IDOT N90 19-mm binder mix.  It uses a PG 64-22 neat asphalt binder.  Mix 
1113 is a standard IDOT N90 12.5 mm surface mix with the same PG 64-22 neat 
asphalt binder.  The specific mix design sheets for these two mixes are included in 
Appendix A.   
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2.3.2  Construction Densities 
During construction of the pavement, construction densities were taken to ensure 
that the pavement was being adequately compacted.  Two different density 
measurements were taken: nuclear density (during construction) and core density 
(shortly after construction). 
 
2.3.2.1  Nuclear Density 
To monitor the density of a given lift during construction, three equally spaced 
density checks were conducted across the pavement section.  Two readings were taken 
at each location, and the two readings were averaged to provide one density value for 
the location.  Table 3 shows the density for each of the three locations on both lifts of 
Section F (F1 is surface, F2 is binder lift).   
 
Table 3.  Nuclear Density Determinations for Section F 
 CHAMPAIGN ASPHALT RESULTS (P = Pass; F = Fail) 
ID LOCATION 
 1 P/F 2 P/F 3 P/F   
 % den. % den. % den.  
F1 90.5 F 91.5 F 90.1 F   
F2 92.3 P 92.8 P 92.1 P   
 BMPR RESULTS 
ID LOCATION 
 1 P/F 2 P/F 3 P/F SENSOR P/F 
 % den. % den. % den. % den. 
F1 89.8 F 91.9 F 91.2 F 92.7 P 
F2 92.5 P 93.3 P 92.9 P 94.2 P 
 
The target density for each lift is 92 to 96 percent, and 8 out of 14 readings 
received passing values.  While the other six did not have passing values, the majority of 
those were at the low end of the required density, indicating that voids are toward the 
high side of the specification.  It should be noted that this gauge was not calibrated for 
these mixtures due to construction sequencing limitations.   
 
2.3.2.2  Core Density 
After construction, cores were taken from the same locations as the density 
checks for each lift.  The resultant densities are shown in Table 4. 
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Table 4. Core Density Determinations For Section F 
 
 CHAMPAIGN ASPHALT RESULTS (P = Pass; F = Fail) 
ID LOCATION 
 1 P/F 2 P/F 3 P/F   
 % den. % den. % den.  
F1 93.3 P 93.5 P 93.1 P   
F2 91.9 F 92.2 P 92 P   
 BMPR RESULTS 
ID LOCATION 
 1 P/F 2 P/F 3 P/F SENSOR P/F 
 % den. % den. % den. % den. 
F1 93.5 P 93.8 P 93.2 P 94.6 P 
F2 92.2 P 92.6 P 92.2 P 93.6 P 
 
Again, the target density for each lift is 92 to 96 percent.  Core densities show all 
the density values were passing except for one that was only 0.1 percent below the 
required density.  The improved accuracy provided with core densities vs. nuclear 
densities supports a conclusion that adequate compaction was obtained for these lifts. 
Both the nuclear and core density locations included a 3-foot offset from lift to lift 
to avoid any interference from reading and coring over previously cored areas in the lift 
below. 
 
2.4  DYNAMIC MODULUS OF ASPHALT MIXTURES 
Each of the mixes placed during the test strip construction was sampled from the 
truck for laboratory testing, dynamic modulus (E*) testing, as well as fatigue testing.  The 
E* value for HMA is considered the preferred structural characterization test for an 
asphalt mix to be used in structural design.  To determine the E* value of a sample, a 
haversine load is applied to the core in a uniaxial direction, and the deformation of the 
sample is measured with sensitive displacement transducers.  The deformation is then 
converted to strain using the gauge length conversion factor because the gauge actually 
measures the change in voltage as the sample deforms rather than the change in length, 
and the stress is determined using the applied load and the area of the sample’s 
surface.  The E* value is then calculated as the maximum stress divided by the 
maximum strain. 
To prepare the dense-graded surface mix and the standard binder mix 
(numbered 1113 and 1112, respectively) for testing, both were compacted into gyratory 
samples with a 6-inch (15 cm) diameter and a 7-inch (175-mm) height.  The gyratory 
samples were then sawed and cored to a cylindrical core sample with a 4-inch (100-mm) 
diameter and a 6-inch (150-mm) height for dynamic modulus testing.   
The gyratory samples (two replicates for each mix) were compacted for a target 
air void level of 7%.  Table 5 shows the measured air voids on the gyratory sample and 
the core for each HMA mix. 
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Table 5.  Air Voids of E* Samples for Section F 
 
Mix No. 
Sample 
No. 
Gyratory 
% 
Core 
% 
1112 1 7.09 6.19
 2 6.59 5.98
1113 1 7.21 6.13
 2 7.73 6.7
 
 
The cores were tested in a matrix comprised of three temperatures (-10, 4, and 
20º C), and five frequencies (25, 10, 1, 0.1, and 0.01 Hz) to obtain a master curve for 
each mix.  More information on the E* testing of all mixes in this section can be found in 
the report by Carpenter (2007) on dynamic modulus testing.  The master curve modulus 
data presented in Figures 8 and 9 indicate that the E* values for these mixtures are 
typical of the IDOT mixtures reported, and the response of this pavement section to 
loadings will be typical of an IDOT pavement in general. 
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Figure 8.  Master curve for Mix 1113, the dense-graded surface course. 
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Figure 9.  Master curve for Mix 1112, the standard binder. 
 
 
2.5  FATIGUE PROPERTIES 
 The laboratory four-point flexural bending fatigue test results for the standard 
HMA binder and dense-graded HMA surface mixtures, 1112, and 1113 respectively, 
used in Section F were developed in the same manner as the fatigue tests on typical 
IDOT mixtures collected and tested for IHR-R39 (Carpenter, 2007).  Both the surface 
and binder mixes were tested, but only the binder results will be used in this 
investigation.  This is because the modulus values for all layers contribute to the overall 
structural stiffness of the HMA section, but fatigue is isolated to the bottom layer of the 
HMA layers.  Thus, the fatigue relationship for the binder mixture is the only relationship 
needed to examine fatigue life of the total HMA section. 
 The fatigue curve for the binder mix in Section F is shown in Figure 10.  The 
equation for mix 1112, the HMA binder mix, is: 
 
Nf = 4.92x 10-10*(1/ε0)4.17     (1) 
       
where, 
ε0 is the strain value for the applied loading 
Nf is the number of load repetitions to 50 percent modulus reduction (failure). 
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Figure 10.  Fatigue curve for Section F binder mix, 1112. 
 
This mixture is very typical of the IDOT mixtures tested for this project, and the 
performance can be considered representative of IDOT mixtures in the field.  This 
Equation 1 will be used in the damage analysis to follow. 
 
2.6  HEALING IN FATIGUE 
The main goal of the failure testing on Section F is to illustrate how a typical 
IDOT mixture performs differently in the field compared to in the laboratory.  As 
previously mentioned, the field fatigue performance can be from 4 to 60 times longer 
than what is predicted from the laboratory tests.  One major factor producing longer 
fatigue life in the field is the healing effect produced by the rest periods between wheel 
loads on the heavy trucks.  To date, limited tests have been conducted to examine 
healing effects on fatigue behavior that would allow comparisons to be developed. 
As part of a dissipated energy study by Shen and Carpenter (2006), a special 
healing fatigue test was conducted on mix 1112 from Section F.  This test inserted a rest 
period between each haversine load pulse.  All other parameters in the healing test 
remained the same as those used in the standard fatigue test.  The inclusion of varying 
rest periods (RP) allows interpretation of life extension as a function of rest period.  The 
results of this testing sequence are shown in Figure 11.  Also included in Figure 11 is the 
fatigue data with no rest period taken from Figure 10.  This curve shows the increased 
load repetitions to failure as a function of increasing rest period (RP + 1 used for 
logarithmic plot).   
The data clearly support the contention that a rest between a load pulse extends 
the fatigue life of an HMA.  The rest period of 9 seconds, the maximum rest period 
allowed due to software limitations, establishes a linear relationship for the scales used 
in Figure 11, but it is likely that the life extension is not linear, and longer rest periods 
may reach an asymptotic level beyond which no life extension is obtained.  Further 
testing is required to develop an exact representation of longer rest periods.  The 
relationship shown in Figure 11 allows comparison between the life extension 
determined from the field tests and the standard traditional laboratory fatigue relationship 
presented in the ELHMAP fatigue report by Carpenter (2006). 
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Figure 11.  Healing test results for Section F Binder mix, 1112 with normal fatigue 
test results and micro strain level indicated on vertical axis. 
 
 
 The healing test was conducted at a constant 500 micro strain to simplify testing 
requirements while providing a representative indication of rest period effects.  The data 
points indicated on the vertical axis are the actual fatigue tests from Figure 10 plotted 
with no rest period.  The equation given by the data in Figure 11 calculates the number 
of load repetitions resulting from any rest period using the curve fit equation shown in 
Figure 2, as given here: 
 
  Nf = 9500.6(RP+1) +6146.7    (2) 
 
 Where, 
  Nf is the number of load repetitions to fatigue failure 
  RP is the rest period 
 
 For no rest period, the equation predicts 15,650 load repetitions at 500 micro 
strain.  Correspondingly, a 9-second rest calculates 101,150 load repetitions.  This 
produces a load ratio of 6.5 times more loadings to failure with a 9-second rest period 
than without any rest period.  Note that this ratio is assumed the same at all strain levels, 
which may be an approximation.  Using the actual loads to failure obtained during the 
laboratory fatigue test at 500 micro strain, 33,070 load repetitions, the application of a 9-
second rest period produces a life extension to 213,000 load repetitions to failure.  This 
process allows the field life of Section F to be compared to the laboratory fatigue 
prediction made in a later section. 
 
 
2.7  INSTRUMENTATION 
The pavement section contains strain gauges and thermocouples to monitor 
pavement response to environmental conditions and mechanical loading effects. 
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2.7.1  Strain Gauges 
All pavement sections contain three DynaTest strain gauges along the centerline 
of the test section.  All the strain gauges have a range of 0 to 1500 micro strain and have 
an average life span greater than 36 months as per manufacturer specifications.   
Of the three strain gauges in each section, two are aligned longitudinally, and 
one is aligned transversely.  The traditional layout of the strain gauges is to orient them 
longitudinally.  In this testing, the one transverse gauge was included to determine the 
difference in strains measured with different gauge orientation.  Maximum measured 
strain was used in the analysis. 
Each strain gauge is 2 feet (0.6 m) (center-to-center) apart from the next.  Figure 
12 shows an example of the layout of the strain gauges in a pavement section.  The size 
of the strain gauges relative to the pavement section size is greatly exaggerated for 
illustration purposes. 
 
 
Figure 12.  Strain gauge layout of Section F (not to scale). 
 
In each pavement section, the strain gauges were installed directly on top of the 
subgrade.  The gauges were held in place and covered by a thin layer of a mix that was 
made by removing the + No. 4 sieve size material from the paving mix to keep the 
gauges in place during the construction of the first HMA layer.   
The use of the fine HMA mix guards against large pieces of aggregate being 
embedded into the strain gauges during compaction, which could have damaged the 
gauge and, possibly, made the gauge completely inoperable.  
 
2.7.2  Thermocouples 
Each section contains a series of type-T thermocouples at several depths in the 
pavement.  The number of thermocouples within a given section increases as the 
pavement depth increases. Section F  includes four thermocouples placed at nominal 
depths in the pavement as shown in Figure 13.  The two thermocouples at the 6-inch (15 
cm) depth (T3 and T4) were placed at different times.  The first (T4) was placed prior to 
paving when the strain gauges were set in place, and the second (T3) was placed after 
paving when the hole was drilled for placing T1 and T2.  All other pavement sections 
have a similar set up with a thermocouple being placed at the subgrade level both before 
and after paving with the rest being placed throughout the pavement thickness after 
paving. 
30’ 31’ 4’
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Figure 13. Thermocouple layout of Section F. 
 
 
2.8  TEST PARAMETERS 
Prior to testing, a set of test parameters for ATLAS was developed to be used to 
traffic Section F to failure.  These parameters were obtained from the testing matrix used 
during the pavement response testing performed on all the sections prior to the fatigue 
testing of Section F.  Also considered in the test parameters were the capabilities of the 
ATLAS. 
 
2.8.1  LOAD 
Section F was loaded using a 13,000 pound (57.8 kN) load on a 425 Super 
Single tire with a tire pressure of 110 psi (758 KPa).  The load was applied in a 
unidirectional manner from east to west.   
The selection of the loading criteria was based on the need to have strains that 
would not exceed the maximum of the strain gauges (1500 micro strain) yet still yield a 
close approximation to actual traffic loading that would produce failure of the section 
within the available amount of time.  The load was applied unidirectional to best simulate 
the loading of actual traffic on the pavement. 
 
2.8.2  SPEED 
The speed of loading on Section F was 3 mph (4.8 km/hr).  This speed was 
chosen after initial trials which showed that the faster the loading, the lower the strain 
measured in the pavement for a given load.  Also considered in the choice of loading 
speed was the need to finish the fatigue testing in a reasonable amount of time.  This 
speed produced a cycle with approximately 35 seconds between each load application. 
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2.8.3  CONDUCT OF TESTING 
The pavement section was continuously loaded throughout the course of a day 
and night.  Each morning the ATLAS was shut off for pavement and machine inspection.  
There were instances when the ATLAS was allowed to run for two days, and instances 
where it was impossible to run the ATLAS continuously for a full cycle due either to 
mechanical or weather considerations.  A typical day of testing yielded an average of 
2500 load repetitions.  However, when there were weather or mechanical problems, the 
daily loading yield was much lower. 
The optimal time for testing was when strains were high, which accelerates 
fatigue failure.  This eliminated testing during cold months of the year.  The ATLAS was 
often left to run overnight so that more load repetitions could be accumulated in one day.  
Continual measurement of strain allowed these temperature fluctuations to be accounted 
for in the damage analysis as the actual strains are used.  Conversely, there were times 
during the 2006 testing period when the ATLAS had to be shut down because the 
pavement temperature was so high that the strains were exceeding the 1500 micro 
strain limit of the strain gauges. 
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CHAPTER 3  DATA COLLECTION 
 
In the process of fatigue testing, data was gathered both by the data acquisition 
system (DAS) in ATLAS and by manual inspection.  The DAS gathers the strain and 
temperature data during testing, and the manual inspection gathers rut measurements 
and cracking amounts and cracking severity. 
The strain data is used to calculate the accumulated damage in the pavement.  
This analysis, to be presented later, allows application of the healing concept to show 
the difference between lab and field fatigue life. 
Visual inspection of the rutting and cracking provides the data for determining the 
failure point of the full-scale pavement.  Laboratory beam fatigue testing under constant 
strain has a defined failure point of 50 percent stiffness reduction to represent failure, but 
determining a field failure point is much more subjective, and normally is represented by 
an amount of cracking in the wheel path per area of the lane. 
 
3.1  TEST DATA 
The fatigue testing of Section F produced a large amount of data in the form of 
actual number of load repetitions, rutting measurements, strain data, and crack survey 
data.  Some complications were experienced during fatigue testing that necessitated 
some simplifying assumptions that will be explained in later sections. 
 
3.1.1  Load Repetitions 
Table 6 shows the breakdown of the loads applied over the course of each day of 
testing for both years of testing.  The table shows the date the ATLAS was turned off for 
machine and pavement inspection, not the actual date and time the test run was started.  
The reason for this is because Table 6 is a manual recording of time and passes as a 
secondary check on the data files recorded by the DAS to make sure that the number of 
load repetitions recorded was an accurate count. 
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Table 6. ATLAS Passes by Date and Time for 2005 and 2006 
 
2005 Cum. 
Passes 
2006 Cum, 
Passes Date Time Passes Date Time Passes 
9/30 N/A 15 15 7/21 12:15 PM 2848 43653 
10/1 9:00 AM 1900 1915 7/21 3:07 PM 268 43921 
10/2 9:43 AM 2562 4477 7/25 8:46 AM 2527 46448 
10/3 8:45 AM 2460 6937 7/25 2:48 PM 383 46831 
10/4 7:15 AM 2415 9352 7/26 9:20 AM 575 47406 
10/4 1:45 PM 663 10015 7/27 4:00 PM 767 48173 
10/5 10:45 AM 55 10070 7/28 1:21 PM 438 48611 
10/7 7:05 AM 2591 12661 7/29 11:44 AM 2262 50873 
10/8 9:00 AM 2792 15453 7/31 3:45 PM 743 51616 
10/9 10:55 AM 2777 18230 8/01 9:20 AM 2258 53874 
10/11 10:40 AM 5104 23334 8/09 9:24 AM 1925 55799 
10/12 8:45 AM 2289 25623 8/10 9:25 AM 2418 58217 
10/13 8:05 AM 2471 28094 8/14 8:20 AM 3438 61700 
10/14 8:40 AM 2615 30709 8/15 11:50 AM 10000 71700 
10/15 10:15 AM 2729 33438 8/18 11:30 AM 10000 81700 
10/17 9:06 AM 5006 38444 8/21 11:40 AM 10000 91700 
10/18/ 8:20 AM 2361 40805 8/24 12:10 PM 10000 101700 
    8/26 8:36 AM 6091 107791 
    8/28 8:55 AM 10000 117791 
    8/31 2:20 PM 7460 125251 
    9/05 10:00 AM 74 125325 
TOTAL  40805 40805  84475 125325 
 
 
 
Better ATLAS maintenance and a longer period of time for testing yielded more 
than twice as many load repetitions in 2006 than in 2005.  Overall, a total of 125,325 
load repetitions were applied to different segments of Section F over the course of the 
two years of testing. 
 
3.1.2  Rutting 
Over the course of testing, rut depths were periodically measured and recorded 
at each station along the load path.  Initially, rutting was minimal so the measurements 
were spaced out with many days in between each collection time.  As testing 
progressed, the measurements were taken more frequently since the rutting progressed 
more rapidly.   
As more measurements were accumulated, it was noticed that the stations 2 
through 8 had rut progression that exceeded the remainder of the test section.  Halfway 
through the 2006 testing, the rutting in those stations was so deep (nearly 3 inches (37.5 
cm)) that the starting point for ATLAS loading had to be changed twice.  The first change 
of position due to rutting was to move the start point to Station 6 (18 feet (5.5 m) from 
the start of the section).  The second change was to move the start point to Station 8 (24 
feet (7.3 m) from the start of the section).  This starting point movement meant that no 
further loadings were applied to these locations after the move. 
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Table 7 shows a summary of the rutting in Stations 2 through 8, and 18 through 
22.  The lack of data in the table starting with pass 68217, after August 14, 2006, 
indicates the rut depth measurements were stopped when the ATLAS starting position 
was changed because of excessive rut depth.  A full list of rut depth measurements 
during testing is included in Appendix B.  This is important, as fatigue cracking in the 
lower numbered stations terminated when the starting point moved and no further loads 
were applied to those stations. 
 
 
Table 7.  Rutting Summary of Selected Stations 
 
 Rut Depth in inches for listed station 
No. of 
Passes 2 3 4 5 6 7 8 18 19 20 21 22
4477 0.4 0.4 0.5 0.5 0.5 0.4 0.4 0.3 0.25 0.2 0.2 0.2 
9352 0.55 0.5 0.8 0.6 0.65 0.55 0.5 0.3 0.3 0.2 0.2 0.25
12661 0.6 0.7 0.95 0.7 0.8 0.6 0.5 0.3 0.3 0.2 0.3 0.3 
18230 0.65 0.7 1 0.7 0.75 0.6 0.5 0.3 0.3 0.2 0.3 0.3 
23334 0.65 0.7 1 0.7 0.8 0.6 0.5 0.3 0.3 0.2 0.25 0.3 
30709 0.75 0.75 1.05 0.75 0.8 0.6 0.5 0.3 0.3 0.25 0.25 0.25
33438 0.85 0.9 1.1 0.8 0.9 0.65 0.5 0.3 0.3 0.25 0.25 0.3 
38444 0.95 1 1.2 0.9 0.9 0.65 0.5 0.3 0.3 0.25 0.25 0.25
43921 1.3 1.3 1.4 1.1 1 0.8 0.6 0.3 0.3 0.3 0.25 0.3 
46831 1.5 1.6 1.6 1.3 1.15 0.95 0.7 0.35 0.35 0.3 0.25 0.3 
48611 1.65 1.95 1.95 1.5 1.2 1.1 0.8 0.35 0.35 0.25 0.25 0.3 
50873 2.1 2.7 2.6 1.9 1.4 1.5 1.05 0.4 0.35 0.3 0.3 0.3 
53874 2.15 2.9 2.95 2 1.65 1.9 1.4 0.4 0.35 0.3 0.3 0.3 
68217 ---- ---- ---- ---- 1.95 3 2.2 0.4 0.35 0.3 0.3 0.35
81655 ---- ---- ---- ---- 2 3.3 2.3 0.4 0.4 0.3 0.3 0.4 
91655 ---- ---- ---- ---- ---- ---- 2.5 0.45 0.4 0.35 0.35 0.4 
101655 ---- ---- ---- ---- ---- ---- 2.55 0.45 0.4 0.35 0.3 0.4 
117746 ---- ---- ---- ---- ---- ---- 2.7 0.45 0.4 0.35 0.35 0.4 
125325 ---- ---- ---- ---- ---- ---- 2.6 0.45 0.4 0.35 0.35 0.45
 
 
The large rutting measured in the lower numbered stations at the beginning of 
the pavement section is in contrast with the rutting on the opposite end of the section, 
which only developed a half inch of rutting over the course of the two years of testing.  
This may be partially attributable to the thicker HMA layer at the far end of Section F.  
Figure 14 presents the rutting data for the lower numbered stations, and Figure 15 
presents the rutting data for the higher numbered stations at the end of the section for 
comparison.   
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Figure 14. Rut depth increase in Stations 2-8. 
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Figure 15. Rut depth increase in Stations 18-22. 
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Figures 16 and 17 show the same location at the beginning of testing in 2005 
and the end of testing in 2006. 
 
 
 
Figure 16.  Initial rutting of Stations 2-8 (October 2005). 
 
 
 
 
Figure 17.  Major rutting at Stations 2-8 (September 2006). 
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Figure 18 illustrates the variability of rutting over the entire length of the section 
after the completion of the 2005 testing.  The ATLAS was removed from the section to 
be stored over the winter.   At the time this photo was taken, the section had 
approximately 40,000 load passes.  The water accumulation, from rainfall, shows the 
high amount of rutting in Stations 2-8. 
 
 
 
Figure 18. Pavement section after the 2005 testing. 
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Figure 19 shows Section F after the completion of the 2006 testing.  At this time, 
the weather had been continuously dry prior to the moving of the ATLAS.  The water 
seen on the pavement was driven up through the cracks in the pavement by the wheel 
load stresses on the moist subgrade. 
 
 
 
Figure 19.  Pavement section after the 2006 testing. 
 
3.1.3  Cracking 
The cracking of Section F was monitored visually with hand written and hand 
drawn documentation of the cracks from station to station.  Only the stations that had 
visual cracks were plotted.  Following each survey, the cracks that were recorded and 
plotted were marked with paint on the pavement’s surface. 
Figure 20 is an example of a crack map.  As the crack grew between each data 
collection period, the paint color was changed to show how much crack progression had 
occurred between inspections.  This paint color change can be seen in Figure 21 which 
is a photograph of the pavement surface.  The red lines are cracks that were initially 
observed on October 11, 2005, after 23334 load passes, and the green lines are the 
crack progression observed on October 13, 2005, after 28094 load passes. 
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Figure 20.  Crack plot from 10/18/05. 
 
 
 
Figure 21.  Illustrating crack progression color change (October 2005). 
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Crack opening was also recorded during the crack surveys.  Figure 22 shows the 
same crack area as Figure 21; however, the cracks in Figure 22 have widened as time 
and load repetitions increased. 
 
 
 
Figure 22.  Illustration of crack opening (September 2006). 
 
By the end of testing in 2006, the crack in the center of the wheel path had 
opened to a high severity level and propagated down the longitudinal length of the 
pavement from Station 0 to Station 8.  There was a minor amount of low severity cracks 
in the stations past Station 8.  Figure 23 shows the crack opening at Station 3 at the end 
of the 2006 testing. 
The first appearance of cracks and the increases in cracking severity are directly 
linked over time to the number of load passes that had occurred by each event.  This will 
be used in the analysis section. 
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Figure 23.  Crack opening of Station 3 (September 2006). 
 
 
3.1.4  Strain Data 
 Figure 24 is a plot of the tensile strain response at the bottom of the HMA layer 
under the pass of the loaded wheel from early testing of Section F.  This information was 
collected for each wheel load applied to the section for the duration of the life of the 
strain gauges. 
 
 
 
 
Figure 24.  Strain gauge trace for strain gauge in Section F. 
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3.2  TESTING COMPLICATIONS 
During testing, a number of complications developed.  These complications were 
the result of machinery malfunctions, required maintenance, extreme weather, loss of 
instrumentation, and subgrade pumping. 
 
3.2.1  Machinery Malfunctions and Repair 
The beginning of fatigue testing of Section F in 2005 was delayed initially by the 
ATLAS being down for overhaul and major repair during the later part of the year.   
Testing during the 2006 year was preceded by more maintenance and operator 
training, but the testing still started earlier than the previous year.  ATLAS performed 
properly during testing in the 2006 year.  However, there were instances where the 
pavement had rutted beyond the capacity of the ATLAS to maintain contact with the 
pavement and apply proper loading.  This problem was fixed by stopping the test and 
providing a new start point for the ATLAS’s loading as discussed in the rutting section. 
Early in 2007, the data acquisition computer crashed and all data on it was lost 
due to the hard drive being unrecoverable.  This caused a loss of some 15,000 load 
repetitions of data.  This data was essentially useful only for rutting, as the first segment, 
stations 0 – 8 were not being trafficked at this time, and no fatigue calculations were 
being performed. 
 
3.2.2  Weather 
During testing, the ATLAS was shut down during thunderstorms to prevent 
electrical system damage from a potential lightening strike.  Once the thunderstorm was 
over, the ATLAS was restarted to continue with testing. 
Preferably, the fatigue loading tests were to be conducted during moderately 
warm weather to help accelerate testing with the higher strains that develop during 
higher temperatures.  Therefore, testing was limited to the warmer months since running 
the test in the winter months would not yield much in the way of strain in the pavement 
for damage.  Conversely, if the weather was too warm and the pavement temperature 
got too high, the tests were paused until the pavement could cool down.  The reason for 
this was to prevent the pavement section from being over-damaged during one day’s 
testing and to protect the strain gauges from exceeding their limits. 
 
3.2.3  Loss of Instrumentation 
Early in the 2005 year’s testing, one of the longitudinal strain gauges failed.  This 
failure did not interfere with data analysis due to it being one of two in the longitudinal 
direction and the other still being functional.  Near the end of that year, the transverse 
strain gauge failed, but that also did not affect data analysis because it was there only to 
see what occurred in the transverse direction while the pavement was under loading. 
In the last days of the 2005 testing, one of the base level (6-inch depth) 
thermocouples was lost, but since it was a redundant thermocouple, it did not affect data 
gathering and analysis. 
On July 26, 2006, the final strain gauge failed after only 6057 passes of the 
ATLAS.  Because strains could not be measured directly, a relationship using the 
previously measured strains and HMA temperatures was developed and used for the 
remaining loadings.  
At the start of the 2006 testing, three of the four thermocouples were still 
functional.  On August 15, 2006, the redundant thermocouple at the base of the 
pavement failed leaving only two thermocouples still functional.  These two 
thermocouples are the 1-inch (2.5 cm) and 3-inch (7.5 cm) deep thermocouples shown 
in Figure 11. 
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The recorded temperature and strain data were used to come up with a 
correlation of a strain value for a given temperature after all the strain gauges had failed.  
A correlation was compiled using the data available, which is shown in Figure 25.  This 
correlation was used to estimate the strain from recorded temperatures during the 
remainder of the testing. 
 
 
 
Figure 25.  Strain – temperature relationship. 
 
3.2.4  Subgrade Pumping 
As the cracks progressed during the 2006 testing, fines from the subgrade began 
to pump through the crack openings.  These fines, and water, would obscure the finer 
cracks in the pavement, and started to obscure the larger ones.  Figure 26 below shows 
the fines accumulation around Station 8. 
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Figure 26.  Station 8 fines accumulation from pumping (August 2006). 
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CHAPTER 4  ANALYSIS OF DATA 
 
The data collected provide the means of analyzing the relation of load repetitions 
to crack development.  The analysis presented here relates the crack development to a 
damage accumulation using the laboratory fatigue relationships of the HMA mixtures 
used in this pavement section. 
 
4.1  THICKNESS VARIABILITY  
The core thickness data presented earlier clearly show that the thickness varied 
from the beginning to the end of the section.  It is accepted that the tensile strain varies 
with thickness.  Thus for a given constant load, the tensile strain will vary along the 
length of the section, producing different cracking rates along the length of the section.  
An examination of the thicknesses is required to determine if this section can be 
considered as a uniform section.  For analysis purposes, the pavement was divided into 
three segments based on thicknesses, observed cracking, and gauge placement.  The 
strain gauges are in the central part of the test section, therefore, the gauges are 
included in the middle segment.  As mentioned before, most of the cracking was in 
Stations 0 through 8, and those stations were chosen to be the first segment.  Likewise, 
the opposite end of the pavement developed little cracking and was chosen as the last 
segment.  The segments are defined by station number with segments 1, 2, and 3 being 
comprised of Stations 0-8, Stations 9-16, and Stations 17-22, respectively. 
The strain gauges used to collect strain readings are in the center of segment 2 
which is nearest the planned thickness of 6 inches.  Average thicknesses for the 
segments are given in Table 8.  In an elastic analysis, the strain is a direct function of the 
thickness, and is proportional.  Using the middle segment as a baseline for thickness, 
the average pavement thicknesses (using the core thickness data) of the other two 
segments were proportionally related to the middle segment to yield the strain 
conversion factor given in Table 8.  A thinner segment gives a proportionately higher 
strain using the conversion factor. 
 
 
Table 8.  Section Thickness Values and Strain Conversion Factor 
 
  
Section 
No. 
HMA 
Thickness 
(in) 
Strain 
conversion 
factor 
Stations 0-8 1 5.63 1.07 
Stations 9-16 2 6.00 1.00 
Stations 17-22 3 6.79 0.88 
 
 The strain conversion ratios in this table indicate that there would be an increase 
of strain in the first section that could produce cracking earlier than for the other 
sections. 
 
4.2  CRACK DATA 
Crack surveys were periodically conducted during the first 60,000 loadings as 
discussed earlier.  After this number of loadings, the pumping became so severe in 
segment 1 that the fines obscured the cracking.  A final crack survey was conducted 
upon completion of all testing after a thorough cleaning of the pavement to provide the 
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end point of cracking following all loads.  This gives a good end point for the data.  
Segments 2 and 3 did not develop significant cracking that would allow comparisons.   
The survey for segment 1 clearly indicates extensive cracking during the 
loadings, and the history for segment 1 will be the basis for damage comparisons to be 
done later.  Figure 27 shows the cracking for segment 1.  The cracking data is presented 
as the feet of cracking per foot of section length of 27 ft. (8.2 m).  In this format, a value 
of 1 indicates that the total crack length is as long as the section.  This data shows the 
low and medium cracking increasing, and then decreasing.  On a typical highway 
pavement, both might be expected to continue to increase under continual traffic.  This 
crack development is related to wheel wander that produces multiple cracks spread over 
the wander distance.  Because the ATLAS wheel loading is restricted to one path with 
no wander, there is no opportunity for low or medium severity cracking to develop under 
a different wheel path.  Thus, as loadings progress, all the cracking that is going to 
develop will be present, and it will all eventually become high severity cracking, and the 
low and medium cracking will decrease and eventually disappear. 
  
 
 
Figure 27.  Crack development in segment 1 as a function of load passes. 
 
 The loading data only go up to approximately 58,000 load repetitions, as this 
represents the extent of load repetitions on segment 1.  All additional loadings were 
applied only on the other segments, and contributed only to rutting development, as little 
or no fatigue developed on these last two segments.  For this reason, rutting data is 
presented for over 125,000 load repetitions for segments 2 and 3.  
 
4.3  DAMAGE 
 Damage is the generic term used when examining the development of any 
distress that deteriorates the structural integrity of a structure.  Each load produces an 
amount of damage in the structure.  When used to describe the gradual loss of integrity 
under repeated loadings in a pavement, it relates to the accumulation of fatigue damage 
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which can eventually result in the appearance of fatigue cracking in the pavement 
section.  The damage is the theoretical calculation of the deterioration that subsequently 
must be related to the physical appearance of that distress.  
The damage analysis begins with a calculation of the predicted fatigue life from 
the laboratory relation given in equation 4 using the actual strains recorded from the 
pavement, termed Nf.  This value is compared with the number of applied loads of that 
strain level, termed Na.  Damage is the ratio of the applied loads to the predicted loads to 
produce failure.  This is process is often termed a Miner’s damage approach and is 
illustrated in equation 3. Theoretically, when this value sums to 1.0 the pavement fails as 
the actual loads match the predicted loads to failure.  In practice this unity value seldom 
develops. 
 
D=
f
a
N
N∑        (3) 
 
Where, 
Na is the number of applied loads on the pavement 
Nf is the number of predicted loads to failure 
D is the damage 
 
The laboratory fatigue relationship for the binder mixture sampled during 
construction of Section F, shown earlier, is repeated in equation 4. 
 
Nf = 4.92 x10-10*(1/ε0)4.17     (4) 
       
Where, 
ε0 is the strain value for the applied loading 
 
 
4.3.1  Section F Damage Calculation 
For the Section F analysis, the damage was calculated for each date of testing.  
First the recorded strains were grouped into bins, or ranges, representing a series of 
strain levels (i.e. 100-200 micro strain, 200-300 micro strain, etc.).  The mid-range strain 
in each range was substituted into the fatigue equation, equation (4), and the number of 
loads with that range of strain that would be required to produce failure, Nf, was 
calculated.  This was repeated for each range of strain levels. 
The actual number of load passes, Na, that produce measured strains in the 
strain range were then used to perform the damage calculation for that strain range, 
dividing Na by Nf.  This ratio represents the amount of damage done by the actual loads 
applied that produced strains in that range.  The damage is calculated for all strain 
ranges during that date or test period by summing up all damages for all strain ranges.  
This summation represents the damage done to the pavement over the time the data 
was collected, often for one day.  
For the Section F analysis presented here, two calculations of damage have 
been performed for each period.  Two values of Nf were calculated to illustrate the 
difference in the damage occurring for each strain group that could be related to 
thickness variability of the HMA.  This is done because HMA thickness changes will 
change the strain value.  The low end of the strain range and the mid value of the strain 
range were selected for the calculation of the two comparative Nf values.  For example, if 
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the strain range was 100 to 200 micro strain, then values of 100 and 150 micro strain 
were used to calculate the two Nf values from the fatigue equation. 
The 2005 testing data was used directly since at least one strain gauge worked 
throughout all of the testing.  However, in the 2006 data, because of the loss of the last 
strain gauge, the back calculation of strain from the temperature-strain relationship was 
used since the thermocouples were still functional, and strain is related to pavement 
temperature.  This yielded a damage estimate rather than the more precise value the 
2005 data provided, but this was satisfactory for damage calculations.  As before, 
groupings into the same strain ranges were made to calculate the damage in the same 
manner as described here. 
Also, during the damage analysis of the 2006 testing it was found that a few of 
the test dates’ data had been corrupted and approximately 15,000 data points were lost, 
requiring estimates for the strain levels based on values before and after the hard disk 
failure.  
Because thickness differences produce different strains, the damage calculation 
can be expected to change for each of the three segments.  Applying the thickness-
strain conversion factors shown previously, the damage calculations were performed for 
each segment rather than the pavement section as a whole.  Table 9 shows the total 
damage accumulated in each of the three segments for year 2005. 
 
Table 9.  Calculated Damage in Each Section for Year 2005 Testing 
 
 Stations 0-8 Stations 9-16 Stations 17-22 
Strain 
Level 
using 
low 
εο 
using 
mid 
εο 
using 
low 
εο 
using 
mid 
εο 
using 
low 
εο 
using 
mid 
εο 
 D1 D2 D1 D2 D1 D2 
100 - 200 0 0 0 0 0 0
200 - 300 0 0 0 0 0 0
300 - 400 0.016952 0.03224 0.012973 0.024672 0.007764 0.014766
400 - 500 0.232207 0.379474 0.177699 0.290397 0.106352 0.173801
500 - 600 0.337686 0.502483 0.258418 0.384531 0.154662 0.23014
600 - 700 0.597048 0.833618 0.456898 0.637936 0.273451 0.381802
700 - 800 0.903631 1.204863 0.691514 0.922036 0.413868 0.551834
800 - 900 1.036086 1.334097 0.792877 1.020934 0.474533 0.611024
900 - 1000 0.576558 0.722369 0.441217 0.552801 0.264067 0.330849
1000 - 1100 0.604912 0.741399 0.462916 0.567364 0.277053 0.339565
1100 - 1200 0.114805 0.138186 0.087856 0.105748 0.052581 0.06329
1200 - 1300 0.179065 0.212295 0.137032 0.162461 0.082013 0.097232
              
Damage = 4.59895 6.101022 3.5194 4.668879 2.106346 2.794303
 
 
 Table 10 shows the total damage accumulated during the 2006 testing year.  The 
two tables of damage shown here clearly illustrate that more damage is accumulated in 
the thinner segment (stations 0 through 8), and this segment is expected to show visible 
cracking before the thicker segments.  The total damage calculated for segment 1 
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(average thickness = 5.63 inches) is between 45.3 to 56.1, for segment 2 (average 
thickness = 6.00 inches) it is between 34.7 to 43.0, and for segment 3 (average 
thickness = 6.79 inches) the damage is between 20.7 to 30.7 depending on the strain 
level used, low to mid range.  The cumulative damage during the entire testing period 
will be illustrated in a later figure. 
 
Table 10.  Damage in Each Section for Year 2006 Testing 
 
 Stations 0-8 Stations 9-16 Stations 17-22 
Strain 
Level 
using 
low 
 εο 
using 
mid 
εο
using 
low 
εο
using 
mid 
εο
using 
low 
εο
using 
mid 
εο 
 D1 D2 D1 D2 D1 D2 
100-200 0.00 0.00 0.00 0.00 0.00 0.00 
200-300 0.00 0.00 0.00 0.00 0.00 0.00 
300-400 0.00 0.00 0.00 0.00 0.00 0.00 
400-500 0.00 0.00 0.00 0.00 0.00 0.00 
500-600 0.08 0.11 0.06 0.09 0.03 0.05 
600-700 0.79 1.10 0.60 0.84 0.36 0.50 
700-800 2.22 2.96 1.70 2.26 1.02 1.35 
800-900 3.68 4.74 2.82 3.62 1.68 2.17 
900-1000 6.65 8.34 5.09 6.38 3.05 3.82 
1000-1100 9.45 11.58 7.23 8.86 4.33 5.30 
1100-1200 8.83 10.63 6.76 8.13 4.04 4.87 
1200-1300 5.18 6.14 3.96 4.70 2.37 2.81 
1300-1400 2.83 3.31 2.17 2.54 1.30 1.52 
1400-1500 0.93 1.08 0.71 0.83 0.43 0.49 
1500-1600 0.07 0.08 0.05 0.06 0.03 0.04 
1600-1700 0.01 0.01 0.01 0.01 0.01 0.01 
              
Damage= 40.71 50.07 31.15 38.31 18.64 22.93 
 
 
 
Damage by itself is only an indication of the potential deterioration of the 
pavement; it really has no physical significance until it is connected to a physical distress 
measurement.  The presentation of damage as a function of load repetitions does begin 
to illustrate the deterioration process.  Completing a connection requires the damage 
calculation be performed at the time of each data survey when the distress survey is 
conducted.  This simultaneous calculation provides a connection between the number of 
load repetitions applied, strain levels during the period of load applications, the 
theoretical damage accumulated during the load period, and the physical distress values 
of cracking. 
Figures 28 and 29 show the cumulative damage during each year.  All three 
pavement segments show the same trend in damage increase as the load passes 
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increase because the load is the same for all three segments.  Also, the graphs show 
the thicker segment produces a slower increase in damage. 
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Figure 28.  2005 accumulated damage vs. load pass. 
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Figure 29.  2006 accumulated damage vs. load pass. 
 
 
  
 
 
 38
Damage vs. Load Passes
0
10
20
30
40
50
60
0 20000 40000 60000 80000 100000 120000
Load Passes
D
am
ag
e
Section 1 (low)
Section 1 (mid)
Section 2 (low)
Section 2 (mid)
Section 3 (low)
Section 3 (mid)
 
 
Figure 30.  Damage development in Section F for cumulative load passes. 
 
 The total damage accumulation shown in Figure 30 is typical of fatigue damage 
development seen in calculations done for the AASHTO Mechanistic Empirical 
Pavement Design Guide (MEPDG).  The shape is typical with a slow development, a 
rapid middle growth period, and a slower final portion of damage accumulation as the 
pavement reaches the end of its useful life.  To be useful to the pavement engineer, this 
damage development must be related to a physical distress on the pavement surface.  
For this study, that distress is the fatigue cracking. 
 
 
4.4  COMBINING DAMAGE AND CRACK DEVELOPMENT 
 
To connect the theoretical calculation of damage with the physical distress on the 
pavement, cracking and damage must be correlated.  Segment 1 clearly developed 
fatigue failure at a more rapid rate than Segments 2 or 3, and is the only section to 
develop enough cracking to be considered as approaching failure.  Section 1 is 
evaluated here to compare the crack development with the predicted damage. 
Figure 30 presented the calculated damage as a function of load repetitions.  
Figure 27 presented the observed cracking development as a function of load 
repetitions.  These data can be connected by plotting cracking as a function of damage 
at a selected number of load repetitions.  This has been done in Figure 31 which relates 
the theoretical damage to the physical cracking seen on the pavement surface. 
 As discussed earlier, the theoretical damage calculation assumes that cracking 
occurs when the damage totals to 1.0.  The relationship is never this straight forward 
due to the reasons enumerated earlier in this report that include, among others, the 
effect of healing and wheel wander.  For these reasons, damage calculations in excess 
of 50 have been calculated for pavements where little to no cracking has been seen.  
The relation produced in Figure 31 between lab predictions and field observations shows 
that very little cracking has occurred even when the calculated damage is as high as 3.  
Beginning at a damage level of 3, visible cracking on the surface begins to appear.  The 
development of cracking is relatively rapid with ten percent cracking (0.1 ft/ft) developing 
 39
as damage approaches 4.  Twenty percent cracking (0.2 ft/ft) is present at an 
approximate damage level of 5.  Fifty percent cracking is present at a damage level 
slightly above 6.  The length of cracking equals the length of the segment at a damage 
level of 11.  The sigmoidal (S shape) curve this data traces is typical of fatigue damage 
development and provides a connection between calculated or predicted damage and 
the actual observed distress.  This curve was prepared using the total cracking in the 
section for reasons explained earlier. 
 
 
 
Figure 31.  Correlation between cracking and damage. 
 
The data presented in Figure 31 clearly indicate that the field cracking develops 
at a slower rate than the theoretical damage calculation based on laboratory test results 
would predict.  As discussed earlier, healing is one reason for this life extension seen in 
the pavement.  By first selecting a percent of cracking to represent failure, the 
corresponding damage calculation at that percent of cracking provides the multiplication 
factor for the life increase in the field compared to the laboratory.  Thus, at ten percent 
cracking, the multiplier is 4, while at 25 percent cracking, the multiplier is 5.  When the 
entire section has cracking, the multiplier is nearly 10. 
Depending on the policy decision establishing a percent cracking to represent 
failure, the multiplier will change.  This accounts for some of the noted range in the 
multiplier seen in the literature, and must be combined with other variables including 
healing. 
The healing test shown earlier in Figure 11 indicates that the standard HMA 
binder had a healing factor of approximately 6.5 with a 9 second rest period.  The time 
between loads for the ATLAS was approximately 39 seconds, which would indicate a 
much higher healing effect should be seen on the pavement, and a factor of 6.5 would 
be conservative.  However, the healing testing was performed only at the 500 micro 
strain level, and field measured strains were often above the 900 micro strain level, 
extremely high.  The healing test was performed only at 20 oC, while pavement 
temperatures were often above this level.  It is postulated that healing will increase at 
higher temperatures, but at these higher temperatures higher strains occur which could 
produce permanent damage that might not be able to undergo healing.  This permanent 
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damage is often termed macro-cracking, and represents damage to the pavement that 
does not heal. 
Because of the shortened nature of this study, the total impact of climatic 
variables with different strains over a large number of seasons cannot be factored in 
appropriately for any multiplier adjustment, which could result in a higher multiplier. 
Thus, a multiplier of 6 to 10 times the laboratory life could be considered a 
conservative value for a full depth pavement in Illinois.  This means that using the 
laboratory based fatigue equations in design would produce a factor of safety built into 
the pavement at the time of construction of between 6 to 10 times the traffic level used in 
the design.  The exact multiplier is dependent on the definition of failure, percent 
cracking, which for pavement design is a policy decision.  No failure level 
recommendation was made in this study, accounting for the range in multiplier.  Because 
other studies have used different definitions of failure to derive their multipliers, the 
values are not directly comparable.  The finding that they are in the same general range 
is encouraging; the testing was at least representative of field behavior. 
. 
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CHAPTER 5  CONCLUSIONS 
 
A comprehensive test to failure was conducted on one section of the ELHMAP 
pavements at ATREL.  The laboratory fatigue algorithm for the lower lifts was presented.  
Healing tests on this mixture were presented.  Full-scale loadings were conducted on 
Section F, a 6-inch HMA layer over lime-modified subgrade that was constructed with 
materials that were further tested in the laboratory.  The test results validated long-held 
opinions concerning the relative expected differences between laboratory fatigue life 
predictions and actual field crack development.  The test results presented in this report 
show a conservative life extension in the field of between 6 to 10 times the laboratory 
predicted life for the same mixture used in the field pavement test section. 
 
 The testing to failure on this section clearly supports the following: 
 
• HMA thickness clearly alters the appearance of fatigue cracking with thicker 
layers developing less cracking for the same number of load repetitions. 
 
• The rest period between wheel passes clearly extends the fatigue life of the HMA 
pavement compared to the standard laboratory fatigue test results that are 
normally performed using a continuous loading sequence. 
 
• Healing fatigue tests in the laboratory produced a life extension of 6.5 when a 
rest period of 9 seconds between loads was used rather than the continuous 
loading sequence.   
 
• The full-scale field test produced a multiplier between 5 to10 with the 
approximately 39-second rest period that existed in this field testing program, 
compared to the continuous loading in the laboratory fatigue test. 
 
• A conservative multiplier of 5 to 10 can be supported for highway loadings which 
have significantly fewer rest periods than that used in this study. 
 
• The interpretation of these test results for the design of ELHMAP pavement 
sections and/or Full Depth sections in Illinois shows that the current design, 
based on laboratory derived fatigue algorithms will be conservative because of 
the field multiplier that has been shown in this testing for a typical IDOT HMA 
mixture, and elsewhere in the literature. 
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APPENDIX A  MIX DESIGN SHEETS 
 A-2
MIX TYPE:       Bituminous Concrete Binder Course, 
      N90, Illinois 19.0, (Standard) 
 
MIX NUMBER:      85 BIT 1112 
 
ASPHALT CEMENT GRADE   PG 64-22   
 
MAXIMUM SPECIFIC GRAVITY (Gmm) 2.477 
 
BULK SPECIFIC GRAVITY (Gmb)  2.377 
 
PERCENT VOIDS    4.0 
 
MATERIAL SOURCES 
 
Coarse Aggregate 042CMM11 Material Service, Fairmont, IL  40.5 % 
Coarse Aggregate 032CMM16 Material Service, Fairmont, IL  33.0 % 
Fine Aggregate 038FAM20 Material Service, Fairmont, IL  25.5 % 
Lime   003FAM00 Mississippi Lime Co., St. Genevieve, MO 1.0 % 
Asphalt Cement   Emulsicoat, Urbana, IL   4.5 % 
 
Aggregate Gradations 
 042CMM11 032CMM16 038FAM20 003FAM00 Blend 
Type Limestone Limestone Limestone Lime N/A 
Quality Class C Class B Class B N/A N/A 
Sieve Size      
25.4 100 100 100 100 100 
19.9 96.1 100 100 100 98.4 
12.5 38.2 100 100 100 75.0 
9.5 13.4 97.9 100 100 64.2 
4.75 3.2 33.8 98.7 100 38.8 
2.36 2.2 5.5 72.4 100 22.2 
1.18 1.9 3.5 40.5 100 13.3 
600 um 1.7 3.0 23.0 100 6.5 
300 um 1.6 2.7 13.2 100 5.9 
150 um 1.6 2.5 7.9 99.0 4.4 
75 um 1.3 2.3 5.9 97.0 3.8 
 
No liquid anti-strips were used in this mixture. 
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ATREL MIXTURE DESIGNS 
 
 
MIX TYPE:       Bituminous Concrete Surface Course, 
      N90, Illinois D mix, (Dense Graded) 
 
MIX NUMBER:      85 BIT 1113 
 
ASPHALT CEMENT GRADE   SBS PG 70-22   
 
MAXIMUM SPECIFIC GRAVITY (Gmm) 2.443 
 
BULK SPECIFIC GRAVITY (Gmb)  2.343 
 
PERCENT VOIDS    4.0 
 
MATERIAL SOURCES 
 
Coarse Aggregate 032CMM16 Material Service, Fairmont, IL  31.5 % 
Coarse Aggregate 031CMM16 Carrie Scharf Material Co., Funks Grove, IL 30.5 %  
Fine Aggregate 009FAM20 Carrie Scharf Material Co., Funks Grove, IL  20.0 % 
Fine Aggregate 031FAM01 Carrie Scharf Material Co., Funks Grove, IL 14.7 % 
Mineral Filler  004MFM01 Bloomington Creek Stone, Bloomington, IN 2.3 % 
Lime   003FAM00 Mississippi Lime Co., St. Genevieve, MO 1.0 % 
Asphalt Cement   Emulsicoat, Urbana, IL   5.4% 
 
Aggregate Gradations 
 032CMM16 031CMM16 009FAM20 031FAM01 004MFM01 003FAM00 Blend 
Type Limestone Gravel Gravel Gravel Min. Filler Lime N/A 
Quality Class B Class B N/A Class B N/A N/A N/A 
Sieve 
Size 
       
25.4 100 100 100 100 100 100 100 
19.9 100 100 100 100 100 100 100 
12.5 100 100 100 100 100 100 100 
9.5 97.0 93.2 100 100 100 100 97.0 
4.75 33.5 30.2 93.1 99.6 100 100 57.3 
2.36 5.8 3.9 76.6 87.6 100 100 34.3 
1.18 3.6 1.1 48.3 56.6 100 100 22.7 
600 um 2.8 0.8 31.0 29.5 100 100 15.0 
300 um 2.6 0.7 19.0 5.4 100 100 8.9 
150 um 2.4 0.6 10.4 1.0 95.0 99.0 6.3 
75 um 2.3 0.5 5.9 0.7 85.0 97.0 6.1 
 
No liquid anti-strips were used in this mixture. 
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APPENDIX B  RUTTING MEASUREMENTS 
 B-2
 
Table B1.  2005 Rutting Measurements 
 
 
 10/2/05 10/4/05 10/7/05 10/9/05 10/11/05 10/14/05 10/15/05 10/17/05
station depth depth depth depth depth depth depth depth 
0 0.40 0.45 0.50 0.50 0.55 0.55 0.70 0.70 
1 0.40 0.55 0.55 0.60 0.65 0.65 0.75 0.80 
2 0.40 0.55 0.60 0.65 0.65 0.75 0.85 0.95 
3 0.40 0.50 0.70 0.70 0.70 0.75 0.90 1.00 
4 0.50 0.80 0.95 1.00 1.00 1.05 1.10 1.20 
5 0.50 0.60 0.70 0.70 0.70 0.75 0.80 0.90 
6 0.50 0.65 0.80 0.75 0.80 0.80 0.90 0.90 
7 0.40 0.55 0.60 0.60 0.60 0.60 0.65 0.65 
8 0.40 0.50 0.50 0.50 0.50 0.50 0.50 0.50 
9 0.35 0.45 0.45 0.45 0.45 0.45 0.45 0.50 
10 0.40 0.55 0.70 0.70 0.70 0.70 0.70 0.75 
11 0.35 0.50 0.60 0.70 0.65 0.65 0.65 0.65 
12 0.30 0.35 0.40 0.40 0.40 0.40 0.40 0.40 
13 0.25 0.30 0.35 0.30 0.30 0.35 0.40 0.40 
14 0.30 0.40 0.45 0.45 0.45 0.45 0.45 0.45 
15 0.30 0.35 0.40 0.40 0.40 0.40 0.40 0.40 
16 0.30 0.30 0.35 0.35 0.35 0.35 0.35 0.35 
17 0.25 0.25 0.30 0.30 0.30 0.30 0.30 0.30 
18 0.30 0.30 0.30 0.30 0.30 0.30 0.30 0.30 
19 0.25 0.30 0.30 0.30 0.30 0.30 0.30 0.30 
20 0.20 0.20 0.20 0.20 0.20 0.25 0.25 0.25 
21 0.20 0.20 0.30 0.30 0.25 0.25 0.25 0.25 
22 0.20 0.25 0.30 0.30 0.30 0.25 0.30 0.25 
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Table B2.  2006 Rutting Measurements 
 
 
 7/5/06 7/21/06 7/25/06 7/28/06 7/29/06 8/1/06 8/14/06 8/18/06 8/21/06 8/24/06 8/31/06 9/5/06 
station depth depth depth depth depth depth depth depth depth depth depth depth 
0 0.65 0.90 0.95 1.10 1.20 1.20 ---- ---- ---- ---- ---- ---- 
1 0.70 1.00 1.15 1.25 1.50 1.50 ---- ---- ---- ---- ---- ---- 
2 0.85 1.30 1.50 1.65 2.10 2.15 ---- ---- ---- ---- ---- ---- 
3 0.85 1.30 1.60 1.95 2.70 2.90 ---- ---- ---- ---- ---- ---- 
4 1.25 1.40 1.60 1.95 2.60 2.95 ---- ---- ---- ---- ---- ---- 
5 0.85 1.10 1.30 1.50 1.90 2.00 ---- ---- ---- ---- ---- ---- 
6 0.85 1.00 1.15 1.20 1.40 1.65 1.95 2.00 ---- ---- ---- ---- 
7 0.60 0.80 0.95 1.10 1.50 1.90 3.00 3.30 ---- ---- ---- ---- 
8 0.50 0.60 0.70 0.80 1.05 1.40 2.20 2.30 2.50 2.55 2.70 2.60 
9 0.45 0.55 0.60 0.60 0.70 0.85 1.25 1.50 1.80 2.00 2.20 2.50 
10 0.70 0.75 0.80 0.80 0.85 0.95 1.25 1.50 1.70 1.75 2.10 2.25 
11 0.60 0.75 0.75 0.80 0.85 0.85 1.00 1.10 1.20 1.30 1.55 1.60 
12 0.40 0.50 0.50 0.50 0.60 0.60 0.85 0.70 0.80 0.85 1.00 1.05 
13 0.30 0.40 0.35 0.40 0.40 0.50 0.50 0.50 0.55 0.55 0.60 0.65 
14 0.40 0.45 0.50 0.50 0.50 0.60 0.60 0.70 0.70 0.70 0.70 0.75 
15 0.40 0.40 0.50 0.45 0.50 0.60 0.50 0.65 0.70 0.70 0.70 0.75 
16 0.30 0.35 0.40 0.40 0.40 0.45 0.45 0.55 0.60 0.55 0.55 0.55 
17 0.30 0.50 0.35 0.35 0.35 0.35 0.40 0.45 0.45 0.45 0.50 0.50 
18 0.40 0.30 0.35 0.35 0.40 0.40 0.40 0.40 0.45 0.45 0.45 0.45 
19 0.25 0.30 0.35 0.35 0.35 0.35 0.35 0.40 0.40 0.40 0.40 0.40 
20 0.20 0.30 0.30 0.25 0.30 0.30 0.30 0.30 0.35 0.35 0.35 0.35 
21 0.20 0.25 0.25 0.25 0.30 0.30 0.30 0.30 0.35 0.30 0.35 0.35 
22 0.25 0.30 0.30 0.30 0.30 0.30 0.35 0.40 0.40 0.40 0.40 0.45 
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APPENDIX C  DAMAGE SPREADSHEETS AND CRACK NOTATION 
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Table C1.  Damage Calculation for 2005 up to first crack appearance at 10/11/05 
       first crack 
appeared at 
Station 2, 
about 10" long, 
along 
centerline of 
wheel path 
  
             
Strain range Na Na Na Na Na Na Na Na Na Na 
 
 
 
 
εo 9/30/05 10/1/05 10/2/05 10/3/05 10/4/05 10/5/05 10/6/05 10/7/05 10/8/05 10/9/05 10/11/05 ΣNa
D1 
Low Strain 
D2 
Mid strain 
100 - 200 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
200 - 300 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
300 - 400 0 0 0 0 0 0 0 1266 1156 0 649 3071 0.0127324 0.0242147 
400 - 500 629 0 0 0 0 0 752 973 682 3865 1640 8541 0.117526 0.1920613 
500 - 600 440 906 491 0 0 0 899 553 389 474 0 4152 0.1448762 0.2155781 
600 - 700 226 476 1313 125 0 1 243 0 550 417 0 3351 0.2500921 0.349187 
700 - 800 176 374 519 1015 217 2 225 0 0 348 0 2876 0.408209 0.5442886 
800 - 900 428 291 137 541 93 41 291 0 0 0 0 1822 0.4513033 0.5811125 
900 - 1000 1 329 0 274 65 6 181 0 0 0 0 856 0.3464974 0.4341263 
1000 - 1100 0 185 0 460 92 0 0 0 0 0 0 737 0.4629162 0.567364 
1100 - 1200 0 0 0 0 94 0 0 0 0 0 0 94 0.0878558 0.1057481 
1200 - 1300 0 0 0 0 102      0 102 0.1370316 0.1624613 
total = 1900 2561 2460 2415 663 50 2591 2792 2777 5104 2289 25602 2.41904 3.1761418 
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Table C2.  Damage Calculation for 2005 with crack notations for each survey date with significant crack change (Table C1 cont.) 
 
 
 
 
Some centerline cracks at Stations 4,
5, and 7, all 4" or less.  Some outer
edge cracking occurring at Stations 1-
4. 
 
Crack at Station 2 has a transverse
crack to edge, initial crack also
extends 
MSP is starting to crack from static load. 
Station 2 crack is widening.  Outside edge 
cracks at Station 3 getting bigger. 
  
 
 
Strain range 10/12/05 ΣNa 
D1 
low strain 
D2 
Mid strain 10/13/05 ΣNa 
D1 
Low strain 
D2 
Mid strain 10/14/05 ΣNa 
D1 
Low strain 
D2 
Mid strain 
100 - 200 0 0 0 0 0 0 0 0 0 0 0 0 
200 - 300 0 0 0 0 0 0 0 0 0 0 0 0 
300 - 400 49 3120 0.0129356 0.024601 9 3129 0.0129729 0.024672 0 3129 0.0129729 0.024672 
400 - 500 1321 9862 0.1357032 0.2217666 986 10848 0.1492708 0.2439387 479 11327 0.1558619 0.25471 
500 - 600 636 4788 0.1670683 0.2486002 598 5386 0.1879343 0.2796493 830 6216 0.2168956 0.3227441
600 - 700 465 3816 0.2847961 0.3976417 521 4337 0.3236794 0.4519319 444 4781 0.356816 0.4981984
700 - 800 0 2876 0.408209 0.5442886 501 3377 0.4793192 0.6391038 365 3742 0.5311259 0.7081808
800 - 900 0 1822 0.4513033 0.5811125 0 1822 0.4513033 0.5811125 375 2197 0.5441896 0.7007157
900 - 1000 0 856 0.3464974 0.4341263 0 856 0.3464974 0.4341263 234 1090 0.4412174 0.552801 
1000 - 1100 0 737 0.4629162 0.567364 0 737 0.4629162 0.567364 0 737 0.4629162 0.567364 
1100 - 1200 0 94 0.0878558 0.1057481 0 94 0.0878558 0.1057481 0 94 0.0878558 0.1057481
1200 - 1300 0 102 0.1370316 0.1624613 0 102 0.1370316 0.1624613 0 102 0.1370316 0.1624613
total = 2471 28073 2.4943164 3.2877103 2615 30688 2.6387808 3.4901079 2727 33415 2.946883 3.8975954
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Table C3.  Damage Calculation for 2005 with crack notations for each survey date with significant crack change (Table C1 cont.). 
 
 
 
Station 2 crack lengthening longitudinally and
second transverse branch of Station 2 crack
appears. 
Multiple small cracks 4" or less occur between Stations 1
and 8.  Most cracks are along centerline, but some have
started to form between centerline and edge of wheel path.
All cracks are longitudinal. 
ATLAS broke down.  See comments in 
the 10/17/05 data. 
 
 
Strain 
range 10/15/05 ΣNa 
D1 
Low strain 
D2 
Mid strain 10/17/05 ΣNa 
D1 
Low strain 
D2 
Mid strain 10/18/05 ΣNa 
D1 
Low strain
D2 
Mid strain 
100 - 200 0 0 0 0 1126 0 0 0 0 0 0 0 
200 - 300 0 0 0 0 9 0 0 0 0 0 0 0 
300 - 400 0 3129 0.0129729 0.024672 3 3129 0.0129729 0.024672 0 3129 0.012973 0.024672 
400 - 500 1569 12896 0.1774517 0.2899921 17 12913 0.1776856 0.2903743 1 12914 0.177699 0.290397 
500 - 600 1017 7233 0.2523819 0.3755483 152 7385 0.2576857 0.3834403 21 7406 0.258418 0.384531 
600 - 700 790 5571 0.4157754 0.5805194 551 6122 0.4568977 0.6379357 0 6122 0.456898 0.637936 
700 - 800 627 4369 0.62012 0.8268418 503 4872 0.691514 0.9220355 0 4872 0.691514 0.922036 
800 - 900 1004 3201 0.792877 1.0209336 0 3201 0.792877 1.0209336 0 3201 0.792877 1.020934 
900 - 1000 0 1090 0.4412174 0.552801 0 1090 0.4412174 0.552801 0 1090 0.441217 0.552801 
1000 - 1100 0 737 0.4629162 0.567364 0 737 0.4629162 0.567364 0 737 0.462916 0.567364 
1100 - 1200 0 94 0.0878558 0.1057481 0 94 0.0878558 0.1057481 0 94 0.087856 0.105748 
1200 - 1300 0 102 0.1370316 0.1624613 0 102 0.1370316 0.1624613 0 102 0.137032 0.162461 
total = 5007 38422 3.4005999 4.5068815 2361 40783 3.5186539 4.6677659 22 40805 3.5194 4.668879 
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Table C4.  Damage calculation for 2006 with cracking notations up to loss of strain gauge. 
 
 
    
Strain 
Gauge 
Lost 
Cracks propagating and joining 
together.  Severity increasing 
between stations. 1-8 
Strain range 7/20/06 7/21/06 7/24/06 7/25/2006 ΣNa 
D1 
Low strain 
D2 
Mid strain 
100-200 0 0 0 0 0 0 0 
200-300 0 0 0 0 0 0 0 
300-400 0 0 0 0 0 0 0 
400-500 0 0 0 0 0 0 0 
500-600 305 0 0 0 305 0.0106424 0.0158361 
600-700 293 0 107 0 400 0.0298528 0.0416815 
700-800 1639 0 325 0 1964 0.278763 0.3716908 
800-900 611 143 166 0 920 0.2278809 0.2934267 
900-1000 0 39 430 4 473 0.1914641 0.2398852 
1000-1100 0 86 178 224 488 0.3065171 0.3756766 
1100-1200 0 0 478 78 556 0.5196575 0.625489 
1200-1300 0 0 276 22 298 0.4003473 0.4746417 
1300-1400 0 0 307 19 326 0.6114997 0.7157219 
1400-1500 0 0 260 19 279 0.7128416 0.8251705 
1500-1600 0 0 0 15 15 0.0511007 0.0585881 
1600-1700 0 0 0 2 2 0.0089175 0.0101385 
total = 2848 268 2527 383 6026 3.3494848 4.0479466 
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Table C5.  Damage calculation for 2006 following loss of last strain gauge (Table C4 cont.) 
 
Began Temp./Strain 
Correlation   
Centerline cracks between stations. 0-8 have 
joined into one crack.  Medium to high severity 
cracking with some opening to 0.5-0.6" 
Strain range 7/26/06 7/27/06 7/28/06 7/31/06 8/9/06 Na 
D1 
Low strain 
D2 
Mid strain 
100-200 0 0 0 0 0 0 0 0 
200-300 0 0 0 0 0 0 0 0 
300-400 0 0 0 0 0 0 0 0 
400-500 0 0 0 0 0 0 0 0 
500-600 0 0 0 0 0 305 0.010642 0.015836 
600-700 0 0 0 0 0 400 0.029853 0.041682 
700-800 0 0 0 0 0 1964 0.278763 0.371691 
800-900 0 0 4 0 1300 2224 0.550877 0.709327 
900-1000 284 183 651 0 2165 3756 1.520379 1.904881 
1000-1100 290 222 732 898 1370 4000 2.512435 3.079316 
1100-1200 0 275 433 857 2 2123 1.984232 2.388333 
1200-1300 0 87 386 914 0 1685 2.263709 2.683796 
1300-1400 0 0 494 332 0 1152 2.160883 2.529177 
1400-1500 0 0 0 0 0 279 0.712842 0.82517 
1500-1600 0 0 0 0 0 15 0.051101 0.058588 
1600-1700 0 0 0 0 0 2 0.008918 0.010138 
total = 574 767 2700 3001 4837 17905 12.08463 14.61794 
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Table C6.  Damage calculation for 2006 following loss of last strain gauge (Table C4 cont.) 
 
 
 
    
Cracking considered high severity 
in stations. 0-8, medium severity in 
stations 9-11, and low severity 
elsewhere   
Strain 
range 8/14/06 8/15/06 8/18/06 8/21/06 8/28/06 8/31/06 Na 
D1 
Low strain 
D2 
Mid strain 
100-200 0 0 0 0 0 0 0 0 0 
200-300 0 0 0 0 0 0 0 0 0 
300-400 0 0 0 0 0 0 0 0 0 
400-500 0 0 0 0 0 0 0 0 0 
500-600 0 8 5 18 426 904 1666 0.058132 0.086501 
600-700 461 867 881 850 3323 1308 8090 0.603774 0.843009 
700-800 723 1666 636 2254 2761 1954 11958 1.697275 2.263075 
800-900 570 1873 1639 1867 1434 1758 11365 2.815072 3.624777 
900-1000 552 1994 2164 1583 995 1533 12577 5.091001 6.378512 
1000-1100 690 2023 2207 2166 419 3 11508 7.228276 8.859192 
1100-1200 442 1532 1744 756 631 0 7228 6.755547 8.131357 
1200-1300 0 37 721 506 0 0 2949 3.961827 4.697042 
1300-1400 0 0 3 0 0 0 1155 2.16651 2.535763 
1400-1500 0 0 0 0 0 0 279 0.712842 0.82517 
1500-1600 0 0 0 0 0 0 15 0.051101 0.058588 
1600-1700 0 0 0 0 0 0 2 0.008918 0.010138 
total = 3438 10000 10000 10000 9989 7460 68792 31.15027 38.31313 
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Table C6.  Loads to failure calculated from fatigue equation for the two strain levels 
 
 
 
 
 
 
 
 
 
 
 
 
Low strain Nf Mid strain Nf 
100 23548601 150 4341747 
200 1308188 250 515888 
300 241196 350 126824 
400 72673 450 44470 
500 28659 550 19260 
600 13399 650 9597 
700 7045 750 5284 
800 4037 850 3135 
900 2470 950 1972 
1000 1592 1050 1299 
1100 1070 1150 889 
1200 744 1250 628 
1300 533 1350 455 
1400 391 1450 338 
1500 294 1550 256 
1600 224 1650 197 

